In Brief
Isabella and Horne-Badovinac examine how basement membrane (BM) structure contributes to morphogenesis in the context of Drosophila egg chamber development. They describe how the follicular epithelium coordinates Rab10-based BM protein secretion and directed tissue migration to build a polarized BM structure. Selectively altering this BM structure affects organ morphogenesis.
INTRODUCTION
Basement membranes (BMs) are specialized extracellular matrices (ECMs) at the basal sides of epithelia. They are composed of a conserved set of core proteins, including type IV collagen (Col IV), laminin, and the heparan sulfate proteoglycan perlecan, which self-assemble into a planar network (Yurchenco, 2011) . Beyond these shared features, BMs show compositional and structural diversity necessary to support the homeostatic needs of their associated tissues (Hynes and Naba, 2012) . They can also be remodeled during development to facilitate tissue morphogenesis (Daley and Yamada, 2013; Morrissey and Sherwood, 2015) . However, the mechanisms by which tissues modify BM structure, and how BM structure in turn modulates tissue dynamics, are poorly understood.
The Drosophila egg chamber offers a powerful system for studying the interplay between BM structure and morphogenesis (Isabella and Horne-Badovinac, 2015a) . Egg chambers are organ-like structures in the ovary that each generates one egg. They contain an interior germ cell cluster and an enveloping layer of somatic epithelial cells, called follicle cells ( Figure 1A ). The follicle cells are polarized with their apical membranes contacting the germ cells and their basal membranes facing outward. This epithelium produces a BM that surrounds the egg chamber. Egg chamber development is categorized into 14 morphological stages. Between stages 5 and 10, egg chambers elongate along their anterior-posterior (A-P) axes to produce the ellipsoidal shape of the egg ( Figure S1A ).
Egg chamber elongation coincides with a dramatic change in BM structure (Gutzeit et al., 1991; Haigo and Bilder, 2011) . Before elongation, the BM is largely uniform; between stages 5 and 8, however, linear, fibril-like structures are added to the pre-existing planar matrix ( Figure 1B ). All major BM proteins thus far examined-Col IV, laminin, and perlecan-exhibit this structure (Gutzeit et al., 1991; Haigo and Bilder, 2011; Schneider et al., 2006) . BM fibrils align perpendicular to the A-P axis, polarizing the matrix. The construction of this new matrix architecture was reported to depend on collective migration of the follicle cells along the BM ( Figure 1C ) (Haigo and Bilder, 2011) ; this movement causes the entire egg chamber to rotate within the BM in the same direction that it becomes polarized. Although rotation appears to be necessary for BM fibril formation, it is not sufficient, as the follicle cells begin migrating $20 hr before fibrils appear (Cetera et al., 2014) . Thus, the mechanisms underlying BM fibril formation are still unclear.
The polarized BM is thought to function as part of a molecular corset that anisotropically constrains egg chamber growth to promote elongation ( Figure S1B ) (Gutzeit et al., 1991) . The main evidence supporting this idea comes from experiments in which collective follicle cell migration is blocked (Haigo and Bilder, 2011) . Inhibiting this migration prevents BM fibril formation and blocks elongation; however, migration feeds into other cellular processes that may contribute to the elongation program independently of BM structure (Cetera et al., 2014; Viktorinová and Dahmann, 2013) . Thus, to show that BM fibrils play a role in elongation, we must identify a more specific way to affect their assembly.
Here, we use live imaging and genetic manipulations to determine how BM fibrils form. We find that BM fibrils are generated de novo from newly synthesized proteins. Our data suggest a model in which new BM proteins are secreted through a basal region of the lateral plasma membrane and aggregate into cohesive structures within the pericellular space between follicle cells. They are then inserted into the BM in the correct orientation by the directed migration of the tissue. We further show that the small guanosine triphosphatase (GTPase) Rab10 and its effector EH domain binding protein 1 (Ehbp1) promote BM fibril formation via this pericellular secretion pathway. Finally, we use Rab10/Ehbp1 misexpression to selectively alter BM structure and show that increasing BM fibril formation influences egg chamber elongation. This work shows how coordinated cellular behaviors can regulate BM structure during development, and how matrix remodeling can play an instructive role in shaping the tissue.
RESULTS

BM Fibrils Form from Newly Synthesized Proteins
The fibrillar structures that form in the follicular BM are best visualized with a GFP protein trap in the Col IV a2 chain Viking (Col IV-GFP) (Haigo and Bilder, 2011) . To visualize BM fibril formation, we performed live imaging of stage 7 BMs labeled with Col IV-GFP. This process coincides with a period of increased BM protein production (Haigo and Bilder, 2011) ; thus, we reasoned that fibrils might arise from newly synthesized proteins. To test this idea, we photobleached a large rectangular region of the BM, which allowed us to assess the contribution of newly synthesized Col IV-GFP to fibril formation (Figures 2A, 2B , and S2A; Movies S1 and S2). Over the course of a 39-min movie, two populations of Col IV-GFP can be seen moving relative to the static BM (Figures 2A and S2A; Movie S1) . The first population appears as puncta that move steadily throughout the movie. This signal likely represents Col IV within the secretory pathway of the migrating cells. The second population includes structures that often appear linear: these initially move with the follicle cells but eventually integrate into the BM as new fibrils. We refer to these structures as ''nascent fibrils.'' Newly incorporated fibrils always exhibit bright GFP fluorescence relative to the photobleached BM, indicating that they form from newly synthesized proteins (Figures 2A and S2A ; Movie S1). In addition, although the shapes of nascent fibrils are highly variable, from globules that appear to unfurl during insertion ( Figure 2A 0 and Movie S1) to wispy, linear structures that insert with little shape change ( Figures 2B and S2A 0 ; Movies S1 and S2), their cohesiveness suggests that they are assembled prior to deposition into the BM.
Performing the same experiment with follicle cell plasma membranes marked suggested that BM fibrils form at cell-cell interfaces ( Figure 2B and Movie S2). At the beginning of the movie shown in Figure 2B , a linear nascent fibril sits at the interface between two follicle cells, where it is oriented perpendicular to the mature fibrils within the BM. As the nascent fibril moves with the migrating tissue, it maintains association with the cell-cell interface. After 8 min, one side of the nascent fibril stops moving, likely due to adhesion to the BM, while the other side stays associated with the cell-cell interface. Continued cell migration draws the nascent fibril away from the interface, first inducing a 90 (E-H) At stage 4, the BMs of non-migrating msn 102 epithelia (F) show little difference from controls (E). However, at stage 8, the BMs of non-migrating msn bend and then rotating it into the proper orientation. The fibril ultimately loses contact with the moving interface and takes up its final position in the BM ( Figure 2B and Movie S2). We made 19 such movies, and observed 88 fibril formation events. In all cases, new fibrils were incorporated into the BM as a cohesive structure from a cell-cell interface.
We observed that only a fraction of newly synthesized Col IV is incorporated into the BM as easily visualized fibrils at stage 7, while the rest continues to undergo constitutive deposition into the planar BM. Live total internal reflection fluorescence (TIRF) microscopy of a photobleached BM revealed Col IV-GFP incorporation into regions containing new fibrils and into regions where no obvious fibrils appear ( Figure S2B and Movie S3). Thus, new proteins appear to be apportioned between these two BM populations. BM protein secretion appears to largely cease between stages 8 and 9, concurrent with the end of rotational migration, as we observe a sharp drop in intracellular Col IV and laminin levels at this time ( Figures S2C-S2F ).
These live imaging experiments led us to generate a model for how BM fibrils form ( Figure 2C ). Prior to stage 5, we envision that newly synthesized BM proteins are trafficked to the basal cell surface. Immediate contact with the BM upon secretion would promote even incorporation across the BM and expansion of the isotropic planar matrix. In contrast, during fibril formation, a portion of the BM traffic may be redirected to a basal region of the lateral cell surface. This would cause BM proteins to accumulate in the pericellular spaces between follicle cells and promote their aggregation into nascent fibrils. The migration of the epithelium would then provide the directional information to orient fibrils perpendicular to the A-P axis as they incorporate into the BM.
BM Fibrils Form in the Pericellular Space between Follicle Cells
To test our model, we first asked whether Col IV accumulates in the pericellular space between follicle cells during fibril formation. We stained non-permeabilized tissue expressing Col IV-GFP with an anti-GFP antibody to selectively label extracellular Col IV. Because pericellular Col IV-GFP is dim relative to intracellular Col IV-GFP, it is difficult to see without enhancing the signal with a non-permeabilized stain. Images were obtained at a focal plane $1-1.5 mm apical to the BM. Very little Col IV is present in the pericellular space at stage 4, before fibril formation begins; however, we detected significant pericellular Col IV at stage 8 when fibrils are forming ( Figures 3A-3C ).
Although linear structures can often be seen in individual focal planes at stage 8 ( Figure 3B ), 3D reconstruction of pericellular Col IV-GFP across the tissue reveals that nascent fibrils have diverse shapes and orientations ( Figure 3D and Movie S4). Many nascent fibrils, including the one highlighted in Figure 3D , make contact with the BM at one end, suggesting that they are in the early stages of BM deposition.
To ensure that the pericellular Col IV is newly synthesized protein, we examined stage 8 epithelia in which some cells express Col IV-GFP and some express unmarked Col IV. Due to follicle cell migration, the BM typically becomes uniformly labeled with GFP under these conditions. We envisioned two possible outcomes from this experiment. (1) Col IV-GFP could be present in the pericellular space throughout the epithelium, which would suggest that at least some of this population is derived from the BM, via diffusion and/or endocytic recycling. (2) Col IV-GFP could be restricted to the pericellular space around Col IV-GFPexpressing cells, a scenario that can only be achieved by direct secretion of new protein into this location. We observed the latter, indicating that pericellular Col IV-GFP is new material that has not yet reached the BM ( Figure S3A ).
Further support for our model comes from changes in BM structure that occur when follicle cell migration is blocked. We previously showed that loss of the Ste20-family kinase Misshapen (Msn) blocks follicle cell migration (Lewellyn et al., 2013) . Under these conditions, Col IV-GFP forms ring-like aggregates around the edges of non-motile cells. These rings show the same stage specificity as pericellular Col IV accumulation: they are absent at stage 4, but strongly apparent at stage 8 ( Figures  3E-3H ). Because loss of Msn increases integrin levels at the basal cell surface, we initially proposed that this phenotype might be due to heightened adhesion to the BM (Lewellyn et al., 2013) . However, we have now found that two conditions that block collective follicle cell migration by other means, namely loss of the Fat2 cadherin (Viktorinová and Dahmann, 2013) and RNAi knockdown of the SCAR complex component Abelson interacting protein (Abi) (Cetera et al., 2014) , cause the same change in BM structure ( Figures S3B-S3D ). We also observed that the rings extend up to 2 mm into the pericellular space, consistent with the idea that BM proteins exit the cell at the lateral surface during fibril formation ( Figure S3D ). Thus, the rings likely represent the subset of BM proteins that would have formed fibrils, but were unable to exit the pericellular space in the absence of follicle cell migration. Collectively, these data support a model in which nascent fibrils are assembled in the pericellular space between follicle cells and are then drawn into the BM by directed epithelial motility.
Notably, in our non-migratory conditions small, polarized ridges can be seen in the planar BM overlaying individual follicle cells (Figures 3H, S3B, and S3C) . This suggests that the epithelium has an alternative method to induce BM polarity, perhaps by reorganizing the planar matrix. To more closely examine BM structure, we generated platinum replicas of decellularized BMs for electron microscopy (EM) analysis. As expected, stage 4/5 BMs exist as a largely isotropic planar meshwork ( Figure 3I ), while large fibrils, generally 1-3 mm in length, are distributed throughout the BM at stage 7/8 ( Figures 3J and S3E ). These fibrils appear as distinct aggregates of aligned proteins that sit atop the planar matrix, and can only be seen on the inner, cell-facing surface of the BM (Figure S3F ). In addition to fibrils, there are also smaller regions of local alignment that appear to be integrated within, rather than on top of, the planar matrix ( Figures 3J and S3E ). While we cannot rule out that these regions simply represent very small fibrils, these data open the possibility that there may be two levels of See also Figure S3 and Movie S4.
polarization in the follicular BM: large fibrils that are deposited on top of the pre-existing planar matrix and smaller regions of local alignment within the planar matrix itself.
Rab10 Promotes BM Fibril Formation
Given that BM fibrils form during a specific developmental time period from newly secreted proteins, we reasoned that there must be a regulated change in the BM secretion machinery that promotes their formation. We previously identified the small GTPase Rab10 as a central regulator of polarized BM protein transport and showed that this protein labels membrane-bound compartments in the basal region of the cell (Lerner et al., 2013) . This Rab10 population could represent endosomal sorting compartments and/or exocytic carriers, but the location of these structures is not necessarily indicative of where BM proteins exit the cell. Further examination showed that Rab10 also accumulates on the follicle cells' lateral surfaces. We observed this pattern with both a UAS-RFP-Rab10 transgene ( Figure 4A ) and a construct in which YFP was inserted into the endogenous Rab10 locus ( Figure 4B ). This localization could reflect fusion of Rab10 vesicles with lateral cell membranes, as Rab10 can function with the exocyst to control late stages of secretion (Babbey et al., 2010; Sano et al., 2015; Taylor et al., 2015; Zou et al., 2015) . Endogenous Rab10 levels also increase significantly between stages 4 and 6 ( Figures S4A and S4B ). Thus, Rab10 might direct BM protein traffic to the lateral plasma membranes, and thereby promote BM fibril formation. Consistent with this idea, Rab10 overexpression increases both the amount of Col IV in the pericellular space (Figures 4C and 4D) and the fibrillar nature of the BM (Figures 4E and 4F) at stage 8. We considered two possible explanations for this effect. Increased Rab10 activity might cause more Col IV to be secreted. Alternatively, it might cause a shift in protein distribution, such that more Col IV is directed into fibrils at the expense of the planar matrix. To distinguish between these ideas, we measured Col IV-GFP levels in the BM and then determined the percentage of Col IV in fibrils (fibril fraction) versus the planar matrix (planar fraction) ( Figure S4C ). Given the resolution limits of light microscopy and our image-processing algorithm, this method likely underestimates the fibril fraction of the matrix, as very small fibrils will elude detection and be assigned to the planar fraction. This method does, however, provide a sensitive metric to compare relative changes to BM structure between conditions. For example, it allowed us to confirm that the fibrillar structure of the BM is not altered by the GFP tag on Col IV ( Figures S4D-S4F ).
Using this strategy, we found that Rab10 overexpression does not change the amount of Col IV in the BM at stage 8 ( Figure 4G) ; instead, the fibril fraction increases at the expense of the planar fraction ( Figures 4H-4I ). This condition also produces longer BM fibrils ( Figure 4J ). The fibril fraction is further increased by cooverexpressing Rab10's guanosine diphosphate/triphosphate exchange factor Crag (Denef et al., 2008; Lerner et al., 2013) ; thus, the active, GTP-bound form of Rab10 is responsible for this effect ( Figures S4G-S4J ). We were unable to determine whether the opposite occurs under Rab10 loss of function, as BM proteins are mistrafficked to the apical surface under these conditions (Lerner et al., 2013) . However, our data strongly suggest that Rab10 helps to guide newly synthesized Col IV into a laterally directed, fibril-forming pathway.
Thus far, we have primarily used Col IV-GFP to study BM fibril formation. However, laminin and perlecan also form fibrils (Gutzeit et al., 1991; Schneider et al., 2006) . We therefore examined whether these proteins do so via the same mechanism as Col IV. We first examined GFP-tagged versions of the perlecan homolog Terribly reduced optic lobes (perlecan-GFP) and the laminin b subunit LanB1 (laminin-GFP). Although it is difficult to observe perlecan-GFP before it reaches the BM, laminin-GFP accumulates in the pericellular space weakly at stage 4 and strongly at stage 8 ( Figures 5A and 5B). Moreover, Rab10 overexpression increases the BM fibril fraction of laminin-GFP and perlecan-GFP at stage 8 without altering the amount of these proteins in the BM, similarly to Col IV ( Figures 5C-5J ). Finally, we simultaneously visualized Col IV-GFP, laminin, and perlecan in the BM and found that all three co-localize in individual fibrils ( Figure 5K ). These data show that fibrils are compositionally similar to the planar BM, and that a common mechanism governs the secretion and fibrillogenesis of Col IV, laminin, and perlecan.
Modulating Rab10 Activity Provides a Tunable Mechanism to Control BM Structure Our discovery that Rab10 overexpression increases pericellular BM protein accumulation and fibril formation without affecting bulk BM protein composition suggests that the Rab10 pathway may exist in competitive balance with another pathway that directs secretion to the planar matrix. If true, the fibril fraction should scale with Rab10 activity. We utilized the fact that UAS transgene expression increases with temperature to examine the fibril fraction across a range of Rab10 expression levels. Although temperature independent in controls, the stage 8 fibril fraction rises with temperature in the UAS-Rab10 condition (Figure S5A) . The amount of Rab10 in the follicle cells, therefore, provides a tunable mechanism to control the relative distribution of BM proteins into the fibrillar versus planar BM populations.
As an alternative approach to enhancing Rab10-based secretion, we overexpressed Ehbp1, which is a Rab10 effector in Caenorhabditis elegans (Shi et al., 2010) . This role appears to be conserved, as Ehbp1 depletion phenocopies loss of Rab10 , and Ehbp1 overexpression tunably increases the stage 8 BM fibril fraction and maximum BM fibril length (Figures 6A-6D and S5A) without altering BM Col IV levels (Figure S5E) . In fact, overexpressing Ehbp1 increases fibril formation to an even greater extent than Rab10 overexpression ( Figure S5A ). Ehbp1 overexpression also increases pericellular Col IV ( Figures  6E and 6F ) at stage 8. 3D reconstruction of this pericellular pool revealed extremely long aggregates that span multiple cell lengths, consistent with the extremely long BM fibrils seen in this condition ( Figure 6G and Movie S5). These observations strengthen the link between pericellular Col IV and BM fibril formation. Furthermore, although it is unclear why manipulating Ehbp1 has a stronger effect on BM protein trafficking than Rab10, it provides us with a practical means to increase the fibril fraction beyond what can be accomplished by overexpressing Rab10.
BM Fibrils Play an Instructive Role in Egg Chamber Elongation
We next asked how altering BM architecture affects egg chamber elongation. Having identified conditions that allow us to control the extent of BM fibril formation over a large range, we examined the effects of both a modest (UAS-Rab10 23 C) and a strong (UAS-Ehbp1 29 C) increase in fibril fraction. Modestly increasing the fibril fraction leads to an increase in the egg's aspect ratio (length/width) ( Figures 7A-7C ). This enhanced elongation is first seen at stage 7 ( Figure 7A ), indicating that increasing the fibrillar nature of the BM is sufficient to augment the egg chamber's morphogenetic program. Conversely, strongly increasing the fibril fraction decreases the egg's aspect ratio ( Figures 7D-7F ). In this case, the egg chamber elongates normally, but fails to maintain its shape after stage 10 ( Figure 7F ). These changes are not due to an indirect effect on egg chamber rotation, as follicle cell migration rates are unaffected by changes in the BM's fibril fraction (Figures S6A-S6E ; Movie S6). These data show that differing BM architectures can influence both the establishment and maintenance of the egg chamber's elongated shape. Figure S6 and Movie S7.
The interplay between BM architecture and elongation can best be seen by plotting the aspect ratios of eggs across the full range of fibril fractions that we can generate ( Figures 7G  and S6F ). Under control conditions, the fibril fraction ranges from 22% to 25%. Increasing the fibril fraction to 30%-33%, via moderate Rab10 overexpression (23 C and 25 C), maximally increases the egg's aspect ratio compared with controls, whereas increases above 37% via Epbh1 or 29 C Rab10 overexpression ultimately decrease the egg's aspect ratio compared with controls. These observations demonstrate how fine regulation of BM structure, in this case by tunable regulation of Rab10 pathway activity, can precisely influence morphogenesis. They also reveal the importance of tightly controlling BM structure during development.
DISCUSSION
BMs are often viewed as largely static structures that provide mechanical support for tissues. However, the changes in tissue size and shape that occur during development necessitate that BMs be similarly malleable. Regulated changes in BM structure may also actively promote tissue deformation. Thus, understanding morphogenesis will require that we know how tissues dynamically remodel their BMs, and how differing BM architectures affect tissue shape. Focusing on the fibrillar BM that surrounds the Drosophila egg chamber, we used live imaging to watch this matrix being remodeled in real time. The resulting information allowed us to determine how BM fibrils form and to establish a direct role for these structures in egg chamber elongation.
We found that fibril formation begins when newly synthesized BM proteins aggregate in the pericellular space between follicle cells. These nascent fibrils then incorporate into the BM by first making a single point of contact with the planar matrix, and then being pulled out of the pericellular space as the follicle cells migrate away from this site. In this way, the motion of the migrating epithelium also provides the directional information needed to align BM fibrils perpendicular to the egg chamber's A-P axis and polarize the matrix ( Figure 7H and Movie S7).
3D reconstructions of nascent fibrils in the pericellular space showed that they often appear globular, despite the fact that most mature fibrils are linear. In rare cases, we have seen globules deposited into the BM; however, most eventually resolve into linear structures. The globules could be aggregation intermediates that will fuse into linear structures in the pericellular space. Alternatively, tension placed on a globule during the deposition process by the migrating cells may cause its elongation, similar to pulling two sides of a cotton ball in opposite directions. In either case, the model that emerges is one whereby BM fibril formation occurs through a series of seemingly disordered events that, through bulk action, produce a robustly polarized matrix.
Although nascent fibril deposition appears to be the main way through which the follicular BM becomes polarized, other mechanisms may contribute to this process. Although impeding collective follicle cell migration blocks the fibril formation, the resulting BMs still exhibit small, aligned ridges that tend to be oriented in the same direction as the actin bundles at the basal surface of each adjacent follicle cell. A seemingly similar phenomenon was also recently reported by another group (Aurich and Dahmann, 2016) . Because the actin bundles are contractile elements that interact with the BM through integrin-based adhesions (Bateman et al., 2001; Cetera et al., 2014; Delon and Brown, 2009 ), these ridges could form via physical deformation of the planar matrix. Whether such a mechanism contributes to BM polarity under wild-type conditions is currently unclear, although it could produce the small-scale alignment we observed by EM.
We found that Rab10 and its putative effector Ehbp1 promote BM fibril formation. We previously showed that Rab10 prevents improper sorting of BM proteins into an apically directed secretory pathway (Lerner et al., 2013) . Our data now suggest that Rab10 may perform this function, in part, by targeting BM proteins to a basal region of the lateral plasma membrane for secretion. In support of this notion, Rab10 accumulates on lateral membranes and its overexpression increases the amount of BM proteins in the pericellular space. Work from other systems has shown that Rab10 localizes to exocytic vesicles bound for a basal region of the lateral plasma membrane (Cao et al., 2008) , and that this protein functions with the exocyst to control the docking of exocytic vesicles at the cell surface (Babbey et al., 2010; Sano et al., 2015; Taylor et al., 2015; Zou et al., 2015) . Altogether, these data suggest a model wherein Rab10 promotes BM fibril formation by determining the location where new BM proteins exit the cell.
Our data further suggest that Rab10 functions in competitive balance with a second BM secretion pathway. New BM material is deposited into the planar matrix at the same time that fibrils are generated. That Rab10 (or Ehbp1) overexpression can increase pericellular BM protein accumulation and fibril formation without altering bulk protein levels in the BM indicates that a portion of BM proteins, likely those bound for the planar matrix, are normally secreted via a different pathway. We propose that there may be two distinct pathways for BM deposition: one directed to the basal surface for planar matrix assembly and one directed to the lateral surface for fibril formation ( Figure 7H and Movie S7). This model offers a simple mechanism to control the allocation of BM proteins into distinct populations by tuning the activity levels of the two pathways.
What sets the developmental timing of BM fibril formation remains an open question. Although this process coincides with increased Col IV incorporation into the BM (Haigo and Bilder, 2011) , this does not appear to be the initiating factor, as we have previously shown that abrogating this increase does not inhibit BM fibril formation (Isabella and Horne-Badovinac, 2015b) . Instead, because this phenomenon coincides with an increase in Rab10 expression and is sensitive to Rab10 levels, we propose that a regulated increase in Rab10 pathway activity may specify both the timing and extent of fibril formation; however, future work is required to test this hypothesis.
It has been speculated that polarization of the follicular BM allows it to function as a molecular corset for egg chamber elongation (Gutzeit et al., 1991) . In this model, the aligned fibrils provide an anisotropic constraining force that channels egg chamber growth along the A-P axis. Our finding that a modest increase in fibril formation enhances elongation supports this idea. It is becoming increasingly clear, however, that fibril formation is only one of many structural changes that must occur in the BM for it to exert this corset function. For example, we recently showed that a temporally regulated increase in Col IV levels and concomitant decrease in perlecan levels are also necessary for proper egg chamber elongation (Isabella and Horne-Badovinac, 2015b ). Moreover, we have found that BM architecture influences egg chamber shape beyond the active elongation phase. When the fibril fraction in the BM exceeds 37%, egg chambers elongate normally, but this matrix can no longer maintain the elongated state. We envision that this failure is due not to increased fibril formation per se but to a global weakening of the BM caused by the accompanying depletion of the planar matrix. This idea is consistent with previous work showing that collagenase-mediated digestion of the BM causes the egg chamber to round up during this maintenance phase (Haigo and Bilder, 2011) . Altogether, these observations suggest that the ways in which the follicular BM influences the shape of the egg are complex, and that there is still much to be learned about this process.
To our knowledge, a polarized BM structure akin to that of the follicular BM has not been seen outside of insects, although there are currently very few data describing in vivo BM architecture with sufficient detail to reveal such a structure. However, the fibrillar BM is one instance of what appears to be a common strategy of using a surrounding ECM to provide a stabilizing/constraining force during morphogenesis. For instance, the developing Xenopus notochord is ensheathed by an oriented network of collagen fibrils that channel its elongation along the A-P axis (Adams et al., 1990) . In addition, thickening of the BM around epithelial ducts in mouse mammary and salivary glands is believed to stabilize these structures (Fata et al., 2004; Harunaga et al., 2014) ; whether these BMs also exhibit circumferential polarity has not been examined. Further understanding of the roles of BMs in morphogenesis will require detailed examination of BM structure in other tissues.
In conclusion, this work highlights how coordinated tissue behaviors, in this case regulated protein secretion and tissue movement, can synergize to remodel BM architecture during development, and how matrix remodeling can play an active role in tissue morphogenesis. Dunst et al. (2015) . UAS-flag-Ehbp1 is from Giagtzoglou et al. (2012) . LanB1-GFP (Sarov et al., 2016) and UAS-Ehbp1 RNAi are from Vienna Drosophila Resource Center (Austria). UAS-Crag is from Denef et al. (2008) .
EXPERIMENTAL PROCEDURES
Drosophila Genetics
Staining and Microscopy
Ovaries were dissected in S2 medium and fixed for 15 min in PBS + 0.1% Triton (PBT) + 4% EM-grade formaldehyde (Polysciences), then separated from the muscle sheath by gentle pipetting. Antibody stains were performed in PBT and detected with Alexa Fluor-conjugated secondary antibodies (1:200, Invitrogen). Actin was labeled with TRITC-phalloidin (1:200, Sigma) or Alexa 647 phalloidin (1:50, Invitrogen), and nuclei labeled with DAPI (1:1,000, Sigma). For non-permeabilized stains, ovarioles were dissected from the muscle sheath in S2 medium and fixed for 6 min in PBS + 4% EM-grade formaldehyde. GFP antibody stains were performed as above using PBS instead of PBT. Antibodies used guinea pig a-laminin (1:400) (Harpaz and Volk, 2012) , rabbit a-Trol (1:1,000) (Friedrich et al., 2000) , and rabbit a-GFP (1:200, Molecular Probes A21311 and A31852). Fluorescent images were obtained using Zeiss LSM 510 or LSM 880 confocal microscopes. Images for stage 14 aspect ratios were obtained using a Leica DM550B microscope with a Leica DFC425C camera. Image processing and custom image analysis were performed using ImageJ and Python. For 3D reconstructions, confocal z stacks were deconvolved (Huygens) and 3D images made in Imaris (Bitplane). Graphing and statistical analysis were performed in Prism (GraphPad). For all graphs, error is presented as mean ± SEM and statistical differences between conditions were determined with two-tailed unpaired t tests.
Live Imaging
Live imaging was performed as described by Prasad et al. (2007) with the following modifications. Dissected egg chambers were placed on a pad of 0.4% NuSieve GTG low-melt agarose (Lonza) in live imaging medium, and follicle cell membranes marked with CellMask (1:1,000, Molecular Probes) or UAS-mCD8-RFP. The coverslip was cushioned with vacuum grease at each corner. For confocal imaging of BM fibril formation, a region of the Col IV-GFP in the BM was photobleached with a 488-nm laser at 100% power for ten iterations, 10 min prior to imaging. TIRF movies were taken on an Olympus IX-50 microscope equipped with an iXon EMCCD camera (Andor) and a 1003 objective fitted with through-the-objective TIRF illumination. TIRF photobleaching was achieved by exposing the BM to the 488-nm TIRF laser at 50% power for $2 min, 10-15 min before imaging. Movies were processed using ImageJ.
Platinum Replica Electron Microscopy
For decellularization of the follicular BM, egg chambers were dissected as for live imaging in HL3.1 (70 mM NaCl, 5 mM KCl, 1.5 mM CaCl, 4 mM MgCl 2 , 10 mM NaHCO 3 , 5 mM trehalose, 115 mM sucrose, 5 mM HEPES), adhered to poly-lysine (Sigma)-coated slides, incubated 10-20 min in PBT, sonicated, and washed in PBS. BMs were then prepared for EM using the protocol in Svitkina (2009). In brief, BMs were fixed with 2% glutaraldehyde (Electron Microscopy Sciences), tannic acid, and uranyl acetate, critical point dried, coated with platinum and carbon, and transferred onto EM grids for observation. Samples were imaged using an FEI Tecnai Spirit G2 transmission electron microscope (FEI Company) operated at 80 kV. Images were captured by an Eagle 4k HR 200 kV CCD camera and presented in inverted contrast.
Production of UAS-RFP-Rab10 and UAS-Flag-Rab10 Transgenic Flies
The Rab10 coding sequence was PCR amplified from genomic DNA isolated from UAS-YFP-Rab10 flies (Zhang et al., 2006) . The PCR product was gel extracted, digested with BamHI and XhoI, and cloned into the Gateway pENTR3C Dual Selection Entry Vector (Invitrogen). It was then recombined (LR clonase reaction, Invitrogen) into pTRW (uasT promoter, N-terminal mRFP tag) or pTFW (uasT promoter, N-terminal 3xFLAG tag) (Carnegie Drosophila Gateway Vector Collection). Transgenic flies were generated via P-element-mediated transformation (Best Gene).
Measurement of Pericellular Col IV-GFP Intensity
Confocal sections were acquired 1-1.5 mm apical of the BM. For wild-type measurements, five cells per egg chamber (n = 8 egg chambers/stage) were randomly selected for analysis. When measuring the effect of transgene expression on pericellular signal, experiments were performed in mosaic epithelia via FLP-out, allowing us to collect data for the control and experimental condition from the same tissues. In this case, one to ten cells of each genotype/egg chamber (n = 20 egg chambers [Ehbp1], 27 egg chambers [Rab10]) were randomly selected for analysis. The edges of each cell were manually outlined with 3-pixel-thick lines; mean intensity of all pixels contained within the line was measured. For each cell, background fluorescence values were measured over cell centers and subtracted from outline intensity. All images were acquired with the same settings.
Measurement of Fibril Fraction and BM Fluorescence Intensity
A confocal section capturing the entire thickness of the BM was acquired. All images were obtained at the same settings. Because the BM generally did not take up the entire imaging frame, the largest possible representative rectangle was cropped to remove background pixels. Mean intensity of all pixels in the cropped image was measured to determine overall GFP intensity. Pixels contained within fibrils were isolated by successive intensity and size thresholds. For determination of appropriate thresholding parameters, ten Col IV-GFP BMs from each of the control, UAS-Rab10, and UASEhbp1 conditions were manually thresholded by eye to maximally include fibrils and exclude the planar matrix. A conservative threshold was used to ensure exclusion of all non-fibrillar pixels, meaning our analysis likely underestimates the fibril fraction. By analyzing our by-eye thresholds, we found that we consistently applied an intensity cutoff corresponding to 1.35 times the median image intensity independently for all conditions, and used this value for subsequent analysis. We then applied an object size threshold of 20 pixels to remove image noise. Using custom Python and ImageJ scripts, we applied these thresholds to all experimental images to isolate pixels within fibrils and, inversely, in the planar matrix. Fibril fraction was measured by dividing the sum intensity of all fibrillar pixels by the sum intensity of all pixels in the image. Planar fraction was measured by dividing the sum intensity of all non-fibrillar pixels by the sum intensity of all pixels in the image. By definition, fibril fraction + planar fraction = 100%. This method was used for analysis of Col IV-GFP, Laminin-GFP, and Perlecan-GFP egg chambers.
Measurement of Maximum Fibril Length
In each of ten cropped images per condition from our fibril fraction analysis, the length of the ten longest fibrils was manually measured in ImageJ.
Measurement of Rab10 Protein Levels
In central transverse sections of stage 3-8 egg chambers with endogenously tagged YFP-Rab10, the entire epithelium of each egg chamber was manually outlined and its mean fluorescence intensity measured in ImageJ. All images were acquired with the same settings.
Measurement of Egg Chamber Aspect Ratios
In central transverse sections, egg chamber length (anterior to posterior tip) and width (widest region perpendicular to anterior-posterior axis) were measured, and ratio of length to width was calculated. Dorsal appendages were excluded from measurements.
Measurement of Follicle Cell Migration
Rates 20-min time-lapse movies were acquired from egg chambers labeled with CellMask or UAS-mCD8-RFP. The leading edge of a single follicle cell was marked at the start and end of the movie and distance traveled was measured and divided by movie length (minutes). Three distant cells were measured and their rates averaged for each egg chamber.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, six figures, and seven movies and can be found with this article online at http://dx.doi.org/10.1016/j.devcel.2016.06.009. See also Movies S1 and S3. (A) The Col IV-GFP Fibril fraction is sensitive to levels of Rab10 and the putative Rab10 effector Ehbp1. Increasing the temperature -which increases UAS transgene expression -has no effect on the fibril fraction in control egg chambers, but significantly increases fibril formation in the UAS-Rab10 and UAS-Ehbp1 conditions (top row). Additionally, UAS-Rab10
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and UAS-Ehbp1 expression significantly increase fibril fraction relative to control at all temperatures, and UAS-Ehbp1 causes a greater increase in fibril fraction than UAS-Rab10 at all temperatures (bottom row). n = 14-27 egg chambers/data point.
(B-D) Although control epithelia display no apical Col IV accumulation (B), apical Col IV can be seen upon expression of Rab10 RNAi (C) and, to an even greater extent, Ehbp1 RNAi (D).
Scale bars = 5 μm.
(E) 29°C UAS-Ehbp1 expression does not alter the total amount of Col IV present in the BM.
Graph uses same control data as Figure 4G . 
Movie S7. Proposed model for BM fibril formation
During fibril formation, Rab10 directs a portion of newly synthesized BM proteins to a basal region of the lateral plasma membrane for fibril formation. It may do so in competition with an unidentified pathway that directs BM protein secretion to the basal surface for direct incorporation into the planar matrix. Secretion to the lateral surface causes BM proteins to accumulate and aggregate in the pericellular space between follicle cells. Directed follicle cell migration then causes oriented deposition of these aggregate into the BM as fibrils. Cell migration direction is to the right. See also Figure 7H .
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